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AN ExpERlMENTAL INVESTIGATTON OF THE DAMPING OF 

LIQUID OSCILLATIONS IN CYLINDRICAL TANKS 

WITH VARIOUS BAFFLES 

By Milton A. Si lve i ra ,  David G. Stephens, 
and H. Wayne Leonard 

SUMMARY 

An experimental investigation w a s  conducted t o  determine the 
e f f ec t s  of ba f f l e  configuration, width, and location on the damping 

of l i qu id  osc i l l a t ions  i n  r ight-circular  cyl indrical  tanks. Baffle 
configurations studied include fixed rings,  r ings with rad ia l  c lear-  
ance, cruciforms, and conic sections. For the conic-section baf f les ,  
upright, inverted, and perforated configurations were examined. Some 
r e s u l t s  of s tudies  of e f f ec t s  of amplitude of the  l iqu id  osc i l la t ions  
and kinematic viscosi ty  on the damping are  a lso presented. 
r e s u l t s  obtained i n  the  investigation a re  i n  agreement with those pre- 
dicted by available semiempirical analyt ical  methods. 

- charac te r i s t ics  and frequency of the fundamental antisymmetric mode 

The damping 

INTRODUCTION 

In  missiles o r  i n  space-flight boosters i n  which liquid-fueled 
propulsion systems a re  used, the  response of the vehicle t o  motions 
of the contained l iqu id  may grea t ly  a f fec t  t he  s t a b i l i t y  and control 
of the  vehicle. 
frequency near t h a t  of a lower l iqu id  mode, t he  amplitude of the l iqu id  
osc i l la t ions ,  and hence the resul tant  forces and moments, may be of such 
magnitude a s  t o  induce f l i g h t  i n s t a b i l i t i e s  or  s t ruc tu ra l  f a i lu re s .  The 
severi ty  of t h i s  problem i s  c i ted  i n  reference 1 where the f a i lu re  of 
large vehicles has been a t t r ibu ted  t o  propellant sloshing. 

In par t icu lar ,  i f  the l iqu id  masses a re  excited at  a 

I n  an attempt t o  avoid such fa i lures ,  tanks a re  currently being 
8 f i t t e d  with various ba f f l e  configurations which damp the l iqu id  motions 

and thus reduce the magnitudes of the forces and moments on the vehicle. - The e f f e c t s  of baffle configuration, width, thickness, f l ex ib i l t y ,  and 



2 . 
location on the  damping and frequency of the fundamental antisymmetric 
mode  of l i qu id  osc i l la t ions  i n  cyl indrical  tanks are therefore of par t ic-  
ular importance. However, analyt ical  means f o r  predicting damping are 
limited t o  special. cases (ref. 2) because of the  complexity of t he  
boundary conditions (ref.  3); a l so  analyt ical  expressions for  the nat-  
u ra l  frequency are l imited t o  tanks without baf f les  (ref. 4).  

In  order t o  obtain fur ther  information on t h i s  subject, an experi- 
mental investigation of the  damping character is t ics  and natural  frequency 
of the fundamental antisymmetric mode of water i n  a 12-inch-diameter 
tank were examined. Prime variables considered were: baffle width, L 
configuration, location, and orientation; amplitude of osci l la t ion;  
and kinematic viscosi ty  of the l iquid.  
cab i l i t y  of the r e su l t s  t o  tanks of la rger  s i z e ,  an investigation w a s  
conducted using a r ing baf f le  i n  a 30-inch-diameter tank. 

1 
1 
9 
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In  order t o  determine the  appli-  

The r e su l t s  
of t h i s  investigation are reported herein. 

L 

SYMBOLS 

a 
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MO 
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6 

5 
f 

f rac t iona l  pa r t  of cross-sectional area of tank that i s  
blocked by baffle 

r ad ia l  clearance between t a n k  w a l l  and ba f f l e  

distance of baffle below free surface 

l i qu id  depth 

amplitude of nth moment 

amplitude of i n i t i a l  moment 

nuniber of cycles 

cylinder radius 

width of ba f f l e  annulus projected on l i qu id  surface 

damping factor ,  1 loge - Mo 
n Mn 

wave amplitude 

natural  frequency of l iquid osc i l la t ion ,  cps 
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APPARATUS 

Tanks 

, L  
; 1  
1 
9 
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The investigation of the damping of liquid oscillations was con- 
ducted with two right-circular cylindrical tanks of 12- and 30-inch 
inside diameters as shown in figure 1. The smaller tank shown in fig- 
ure l(a) was constructed of 1/8-inch Plexiglas with the base secured 
to a metal platform. 
support ring by torsion bars. 

The metal platform was then connected to an outer 

The 30-inch-diameter tank shown in figure l ( b )  was fabricated 
from 0.016-inch aluminum. 
base for this tank. 

A 1/2-inch aluminum plate was used as the 

Baffles 

The types and dwensions of the six baffle configurations studied 
in the 12-inch-diameter tank are shown in figure 2. The baffles used 
in this tank were constructed of 1/8-inch Plexiglas except the conic- 
section baffles, in which 1/16-inch Plexiglas was used. 
of the conic-section baffles was maintained at 45O. 
conic section (fig. 2(e)) had a 50-percent reduction in area obtained 
by using 1/8-inch-diameter perforations. 
a 1/4-inch-thick Plexiglas fixed ring baffle was used with a w/R 
of 0.076. 
were retained. 

The base angle 
The perforated 

In the 30-inch-diameter tank, 
ratio 

In all cases, the rectangular edges of the baffle material 

Instrumentation 

The moments resulting from liquid oscillations in the 12-inch- 
diameter tank were sensed by strain gages mounted on the torsion bars 
between the base platform and the support ring as shown in figure l(a). 
The liquid oscillations in the 30-inch-diameter tank were measured by 
using a load cell, shown in figure l(b), as one of the three platform 
supports. The output signals from the gages and load cell were ampli- 
fied and fed into a Dampometer to measure the damping and frequency of 
the liquid motion. 

PROCEDURE 

The liquid was excited in the fundamental antisymmetric mode of 
oscillation by means of a paddle. When a sufficient liquid amplitude 
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was obtained, the exci ta t ion was removed. 
moment resul t ing from the l iquid osc i l la t ions  was then measured between 
two preselected values of the moment. 
specified by the  damping factor  €I i s  defined as  

The r a t e  of decay of the 

The decay of the osc i l l a t ion  

. 

6 = 1 log, 5 2  
n Mn 

where n i s  the number of cycles over which the decaywas measured, 
Mo i s  the  amplitude of a selected i n i t i a l  moment, and Mn i s  the  
amplitude of a selected terminal moment a f t e r  n cycles. Since the 
damping i s  a nonlinear function of the  l iqu id  amplitude, the experi- 
mental data depend upon the magnitude of the i n i t i a l  moment and the 
r a t i o  
given test. 

L 
1 
'I 
9 
4 Mo/Mn, both of which could be selected and maintained f o r  a 

The six baffle configurations were compared by measuring the  var ia-  
t i o n  i n  damping factor  with ba f f l e  location i n  the 12-inch tanks. For 
t h i s  study the  value of % w a s  s l i gh t ly  below the m a x i m  moment f o r  
which the fundamental mode could be defined f o r  all the  ba f f l e  t e s t  
conditions. The moment Mo would correspond approximately t o  the 
moment produced by a 1-inch-amplitude wave i n  the  12-inch-diameter tank 
without ba f f l e s  w i t h  a water depth of 12  inches. 
the value f o r  Mn w a s  O.% so tha t  several osc i l la t ions  were used i n  
obtaining the  damping value. 
obtained f o r  baffle locat ions ranging from the  l i qu id  surface t o  a loca- 
t i o n  where the damping became re la t ive ly  small except i n  the case of the 
cruciform ba f f l e  where the damping w a s  not dependent on the locat ion of 
the  l i qu id  surface. 

b 

For the comparison 

The damping provided by each ba f f l e  w a s  

The var ia t ion of damping with amplitude was studied with the  use 
i n  the  12-inch- of the 

diameter tank, For t h i s  study a value of Mn equal t o  0.7M, was used 
t o  decrease the increment selected i n  measuring the  decay ra te .  The 
amplitude of the  osc i l l a t ion  could therefore be specified approximately 
as tha t  value corresponding t o  the i n i t i a l  moment 
above the equilibrium surface was read visual ly  with the  a id  of a scale.  

= 0.076 r ing baf f le  located a t  $ = 0.333 R 

&. This  amplitude 

A limited study was made t o  determine the e f fec ts  of tank diameter. 

A r ing  baffle of = 0.076 was used in  a 30-inch-diameter tank and 

the  damping fac tor  was determined a t  various locations of the ba f f l e  
below the surface. These values were compared with those obtained i n  
the 12-inch-diameter tank. For t h i s  comparison a value of Mn equal 
t o  0 . x  was again selected t o  f a c i l i t a t e  the  measurement of amplitude. 

'ii . 



5 

L 
1 
1 
9 

~4 

Some damping fac tors  were measured by using the # = 0.076 r ing 
t o  examine the e f f ec t  of kinematic v i s -  baffle located a t  

cosi ty  on the damping. 
by heating and cooling water i n  the 30-inch-diameter tank. 

used i n  the baffle-configuration comparisons w a s  made t o  assess the  e f f ec t s  
of the thickness and f l e x i b i l i t y  of the baf f les .  

4 = 0.333 R 
Variations i n  the l iqu id  viscosi ty  were obtained 

A preliminary investigation u t i l i z i n g  the same procedures that were 

DISCUSSION OF RESULTS 

The consistency of the experimental data w i l l  be considered before 
discussing i n  d e t a i l  the  damping afforded by the various baffle configu- 
rations.  The damping fac tor  w i l l  then be discussed f o r  the  various 
baffles, and fac tors  involved i n  extrapolating these results t o  tank 
s izes  of p rac t i ca l  interest w i l l  be considered. 
these results and those predicted by semiempirical analyt ical  methods 
w i l l  be examined. Finally,  the e f f ec t  of l i qu id  amplitude on the 
damping fac tor  and the ef fec t  of baffles on the frequency of the f’unda- 
mental mode of o sc i l l a t ion  w i l l  be discussed. 

The agreement between 

General 

Because of the turbulent nature of the l iqu id  i n  the regions of 
higher damping, some sca t t e r  occurred i n  the data. The magnitude 
of t h i s  s ca t t e r  i s  shown i n  f igure 3, where each of the measured values 
of damping i s  shown as  a function of ba f f l e  location fo r  a typ ica l  
baffle. The curve represents a f a i r ing  of the average values of the 
damping fac tor  measured a t  each location of the baff le .  The greatest  
s c a t t e r  i s  shown t o  ex i s t  i n  the region of maximum damping; therefore, 
t he  accuracy of the curve i n  the region of t h i s  peak is  somewhat l e s s  
than tha t  i n  the  other regions. In the following resu l t s ,  a l l  damping 
values presented represent the  average of f ive  o r  more measured values 
f o r  the given condition. 

F l a t  Ring Baffles 

Fixed.- The damping provided by four fixed r ing  baf f les  ( f ig .  2 ( a ) )  
i s  shown as a function of baffle location i n  f igure 4. 
values of damping are i n  terms of the  dimensionless damping fac tor  6, 
and the location is specified by the r a t i o  d/R where d i s  the dis- 
tance from the  undisturbed surface t o  the ba f f l e  and R is  the  tank 
radius. 
s izes  which a re  given by w/R where w i s  the width of the ring. The 
values of damping f o r  the la rges t  r ing  tes ted  were not obtained i n  the 
range of maximum damping due t o  the d i f f i c u l t y  involved i n  excit ing 

The measured 

Curves are fa i red  through the data t o  d i f f e ren t i a t e  the r ing  
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the  mode. The regions of 
an uncertainty existed i n  

maximum damping are shown by dashed curves when 
defining the  exact location of maximum damping. 

The trends of the fa i red  curves f o r  a l l  fixed rings are similar. 
The value of damping present when the  baf f le  i s  f lush with the  surface 
i s  reduced considerably since the baffle i s  i n  contact with the  f l u i d  
for  only a portion of the  period. 
between the  equilibrium surface and the  baffle is increased, reaching a 
maximum at  the minimum depth below the  surface a t  which the  r ing does 
not break the surface during the  osc i l la t ion .  

The damping increases as the distance 

A s  the  distance between 
the baffle and t h e  equilibrium surface i s  further increased, t he  damping 
decreases rapidly approaching the  value of damping present when no baf f le  
i s  incorporated. 1 

9 
With r ad ia l  clearance.- The variations i n  damping factor  with baf f le  4 

L 
1 

location are presented i n  f igure 5 f o r  f ive  r ing baf f les  of various 
widths w and radial clearances c ( f ig .  2 (b) ) .  Measured values of 
6 are given as a function of baf f le  location d/R fo r  each configura- 
t ion .  In the  range considered, the curve indicates tha t  the  damping 
factor  decreases as the r ad ia l  clearance i s  increased fo r  a given r ing 
width, while the  damping fac tor  increases with r ing width fo r  a given 
r ad ia l  clearance. This f igure i s  again indicative of the  f ac t  t ha t  a 
range of m a x i m u m  damping ex i s t s  a t  values of 
librium surface and t h a t  a rapid decrease i n  damping occurs as the 
baff le  depth i s  fur ther  increased. 

b 

d /R  j u s t  below the  equi- 

Conic-Section Baffles 

U r i  t.- The r e su l t s  obtained f o r  four upright conic-section 
baf f les  * f i g .  2 (c ) )  having projected areas on the  equilibrium surface 
approximately equal t o  the areas of the  fixed r ing baf f les  are shown 
i n  f igure 6. The location i s  specified by d/R where d i s  the  dis-  
tance between the  top edge of the  baf f le  and the  equilibrium surface 
and i s  equal t o  zero when the  baf f le  i s  ju s t  submerged. 

The trends and maximum values of damping shown i n  t h i s  f igure are 
very similar t o  those of the  fixed rings. 
by the  conic sections i s  s l igh t ly  higher than t h a t  f o r  t he  fixed rings, 
the surface area of a conic-section baf f le  having the  same value of 
w/R 

Although the  damping provided 

as tha t  f o r  the  fixed r ing i s  considerably higher. 

Inverted.- The var ia t ion of damping with baf f le  location f o r  an 
inverted-conic-section baffle ( f ig .  2(d))  i s  shown i n  f igure 7. Again 
the  trend of the  curve i s  similar t o  t h a t  of the  f l a t  rings and conic 
sections; however, the  maximum value of damping occurs when the  ba f f l e  
is  approximately half  submerged i n  the  l iquid.  This s h i f t  inYocation 
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of the baffle f o r  maximum damping is  apparently due t o  the  almost com- 
p l e t e  r e s t r i c t ion  of the f l u i d  motion i n  the  region between the  ba f f l e  
and the  tank w a l l  when the  baffle i s  i n  t h i s  location. The data  show 
t h a t  t he  effectiveness of the ba f f l e  i s  less than tha t  of e i t h e r  the  
r ing  or  upright conic section of comparable s i ze .  

Perforated.- The r e s u l t s  obtained from two perforated conic sections 
( f ig .  2 (e ) )  having a 50-percent reduction i n  blockage area are shown i n  
figure 8. These r e su l t s  are l imited sin,ce the e f f ec t s  of hole s i z e  and 
percentage reduction i n  area were not stu&ed. It i s  of i n t e re s t ,  how- 
ever, t o  compare the  trend and values of the damping fac tor  with those 
of the  so l id  conic sections. The sharp peak6 observed f o r  the sol id-  
conic-section baf f les  are reduced f o r  the perforated baffles. 
damping fac tor  i n  the range of maximum effectiveness has been reduced 
by more than a f ac to r  of 2 when compared with a comparablU so l id  conic 
section. 

The 

I .  

Cruciform Baffles 

"he damping provided by cruciform baffles ( f ig .  2 ( f ) )  was measured 
f o r  two or ientat ions of t he  baf f le  w i t h  respect t o  the  motion of the  
l iqu id  i n  the  fundamental mode. For the  90' posit ion where two sections 
are located on t h e  node l i n e  and two sections are goo from the node l i n e  

6 = 0.072 was measuredtfor t he  = 0.169 ba f f l e  and 6 = 0.156 was 
measured f o r  the E = 0.337 baf f le .  In  the  4 5 O  posit ion the  damping 

fac tors  were 6 = 0.070 and 6 = 0.142 f o r  the = 0.169 and 

R 

R 
R 

R 
= 0.337 baffles, respectively. 

Summary Comparison 

The r e s u l t s  shown i n  f igures  4 t o  8 plus  the  r e su l t s  abt&&l from 
two cruciform baf f les  are summarized i n  figure 9. Thcmean vaiue of 
damping obtained i n  the location of maximum effectiveness i s  shown f o r  
each baf f le .  This value w a s  obtained by dividing the  area under the  
curve between O.O&d/R above and O.O&d/R below the maximum damping, 
by 0.16€?d/~. For cases where values f o r  6 were not avaiLable f o r  
O.O&d/R above the peak, the  curves were extrapolated and the ' r r su l t ing  
areas were measured. These values are dependent upon the  l imi t s  chosen; 
of course, and are presented as a means of comparison only. For exaqple, 
if the range examined had been la rger  than 

would have been lower i n  a l l  cases except f o r  t h a t  of the  cruciform 
baf f les  where the  damping fac tor  i s  independent of 

= 0.168, the mean value - 

This method 

R 

d/R. 
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of comparison was chosen because of the uncertainty involved i n  defining 
the maximum value of damping afforded by each baff le .  Values a re  not 
shown for  the la rges t  r ing and conic-section baf f les  since data were not 
obtained for  these cases i n  the region of maximum damping. 

The cruciform baf f les  appear*to provide lower damping than the 
other baf f les  of comparable s ize .  The effect  of or ientat ion was small 
although there appears t o  be a s l igh t  advantage’when the baf f le  i s  
oriented goo t o  the direct ion of the f l u i d  motion. 

Application 

In order t o  determine the  range of application of the experimental 
resu l t s ,  t e s t s  t o  examine the  e f fec ts  of tank size,  kinematic viscosity,  
and l iqu id  amplitude on the damping were made and the agreement with 
an available method of predicting the damping w a s  examined. 

Effect of tank size.-  The r e su l t s  obtained from the 12-inch-diameter 
fixed r ing  baff le  was ins ta l led  a re  compared tank i n  which a 

with those of a geometrically similar 30-inch-diameter tank with a 

R 
a re  the  calculated values of damping obtained frm the following semi- 
empirical re la t ionship developed by Miles end given i n  reference 5: 

= 0.076 
R 

= 0.056 fixed r ing ba f f l e  i n  f igure 10. Also shown i n  t h i s  f igure 

where [ i s  the wave amplitude and a i s  the f rac t iona l  par t  of the  
cross-sectional area of the tank t h a t  i s  blocked by the  baf f le ,  and 
a i s  given by the  following expression: 

R2 - (R - w I 2  a =  
R2 

(3) 

L i m i t s  of t he  output moment were such t h a t  the experimental value 
of damping w a s  obtained by using n = 1 t o  n = 5 cycles of the  
osc i l la t ion .  The amplitude of the osc i l l a t ion  corresponding t o  & 
which w a s  necessary f o r  the  calculation of damping w a s  measured dur ing 
the  determination of the  decay r a t e .  
experbenta l  r e s u l t s  i s  indicated by the fact that the  dimensionless 
data  presented a re  independent of tank s ize  f o r  the  12- and 30-inch- 
diameter tanks and agree closely with the r e s u l t s  calculated by use of 
equation (2) . 

The range of application of the 

. 

. 
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simultaneously with the  damping fac tor  and i s  sham in  f igures  13 t o  17. 
The maximum values of the  frequency of the r ing  baf f les  and conic-section 
ba f f l e s  were found when the baf f le  location w a s  8 = 0, which i s  probably 

I -  

I .  

Effect of kinematic viscosity.-  The e f fec t  of kinematic viscosi ty  
on the  damping was studied i n  the  30-inch-diameter tank f i t t e d  with a 
fixed r ing  ba f f l e  a t  a given location. The r e su l t s  of t h i s  study are  
shown i n  f igure 11. 
temperature of the water between approximately 40° F t o  140° F and, 
for  t he  range considered, no apparent e f fec t  of viscosi ty  was noted. 

The kinematic viscosi ty  was varied by changing the 

Effect of amplitude.- An investigation of the var ia t ion of damping 
with amplitude w a s  conducted i n  the 12-inch-diameter tank f i t t e d  with 
the r ing  baf f le ,  = 0.076, located at = 0.333 and the results are  
sham in figure 12. The measured values f o r  f l u i d  depths of 12 and 
15 inches a re  compared with values calculated by using equation (2) .  
In t h i s  study a divider ba f f l e  which extended down t o  the  r ing w a s  used 
f o r  most of t he  t e s t s  and t h i s  would tend t o  increase the value of the 
damping fac tor ,  as i s  indicated by most of the  experimental data shown. 
However, data are a l so  given f o r  a t e s t  i n  which the  divider ba f f l e  i s  
removed. 
t he  i n i t i a l  value of the  amplitude of t he  l iqu id  osc i l la t ion .  
parison of the  measured data with the  curve calculated by use of Miles 
equation from reference 5 shows t h a t  both the trends and magnitudes of 
the damping predicted by that equation agree closely w i t h  the  results 
measured. 

R fi 

The measured values of damping are plot ted as a function of 
A com- 

Effect of ba f f l e  thickness and f l e x i b i l i t y . -  The preliminary results 
of ba f f l e  thickness were somewhat l imited but f o r  the amplitudes of 
the  tests, the damping r e s u l t s  measured f o r  a ba f f l e  thickness as low 
as 0.008 inch did not d i f f e r  substant ia l ly  from those measured f o r  
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a ba f f l e  1/8 inch thick.  
sham that the f l e x i b i l i t y  of the baffle may be an important factor .  
These t e s t s  have indicated that the damping may increase with some 
increase i n  the  f l e x i b i l i t y  of the baffle. 
of ba f f l e  thickness and f l e x i b i l i t y ,  additional research i s  necessary 
t o  i so l a t e  the e f f ec t s  of these and other parameters before definite 
conclusions can be drawn. 

Additional preliminary studies have fur ther  

In view of the relat ionship 

CONCLUSIONS 

1 
1 
9 
4 

An investigation has been conducted t o  determine the e f f ec t s  of 
various baffle configurations on the damping of the fundamental mode 
of osc i l la t ion  of l iqu ids  contained in cyl indrical  tanks and the r e su l t s  
are summarized as follows: 

f o r  a substant ia l  increase in damping i s  limited t o  a narrow range near 
the l iqu id  surface. 

1. The locat ion of the f lat  r ing and conic-section baffles necessary . 
L 

2. For locations near the l i qu id  surface, the damping fac tor  increases 
w i t h  the s ize  of the f l a t  r ing  and of the conic-section baff les ;  however, 
f o r  baffle locat ions well below the  l iqu id  surface, increases i n  ba f f l e  
s ize  do not result i n  substant ia l  increases i n  damping. 

3 .  For a r ing  ba f f l e  of a given width and location, the damping 
fac tor  decreases as the radial clearance increases. 

4. The damping fac tor  f o r  the inverted- and perforated-conic- 
section ba f f l e s  i s  less than that f o r  the upright-conic-section ba f f l e  
of the same area. 

5. Based on the t o t a l  surface area of a baf f le ,  the highest mean 
damping fac tor  f o r  the ba f f l e s  tes ted  appears t o  be afforded by t h e  
f ixed r ing  baff le .  

6. A comparison of the damping values measured f o r  the fixed r ing  
ba f f l e  w i t h  those calculated by the  semiempirical method of Miles shows 
t h a t  th is  method i s  adequate f o r  the  prediction of the damping f o r  th i s  

~ 

configuration when the baffle remains below the  surface. 

7. The frequency of the  fundamental mode of o sc i l l a t ion  var ies  
w i t h  baffle locat ion and i s  believed t o  be due t o  the  ba f f l e  effect ively 
changing the tank geometry. 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Field, Va., December 7, 1960. 
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